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Various pathologies, such as atherosclerosis, cancers, small tumors, and liver cirrhosis, lead to changes in the structure of the affected tissues. At the early onset of a disease, these changes manifest themselves at a cellular level (submicron scale). The existing clinical gold standards, magnetic resonance imaging 1,2 and ultrasound, 3, 4 are only sensitive to large scale changes (0.1-1 mm). Recently, the diffraction resolution limit has been broken and optical nanoscale microscopy has been developed. [5] [6] [7] [8] But modern nanoscopy largely requires labeling, is limited to superficial 2D imaging, and is not suitable for in vivo applications.
Optical coherence tomography (OCT), 9 the optical analog of ultrasound imaging, has started to revolutionize medical diagnostics. Various modalities of OCT have been developed and adapted for different problems. [10] [11] [12] [13] Numerous OCT-based angiography (OCTA) techniques have been proposed, 14, 15 including speckle-variance (SV) and Doppler OCT, both of which have been commercialized. The correlation mapping OCT (cmOCT) technique was proposed to map microvasculature networks noninvasively in vivo, [16] [17] [18] and its extension, cube cmOCT, has been published. 19 But resolution and sensitivity to structural alterations of conventional OCT intensity based imaging are limited.
The coherent transfer function of the OCT is centered at zero lateral spatial frequencies but shifted to high axial spatial frequencies, larger than 1000 1/mm. 20 So the OCT signal is formed by light scattered from the small, submicrometer structure and is ultrasensitive to structural changes. However, during the reconstruction process via Fourier transform, information about high spatial frequencies (small structure) is lost. In fact, the result of the Fourier transform does not depend on the location of the Fourier spectrum. So if the OCT signal is formed by scattering on small, submicron structures or is formed by scattering on large, micrometer scale structures, the result will be the same as it depends on the spatial frequency bandwidth only. The depth resolution of OCT in terms of spatial frequency can be written as
where Dv z is the bandwidth of the accessible spatial frequencies of the object which depends on the spectral bandwidth of the illumination. From (1), we can see that the resolution depends on the bandwidth of spatial frequency Dv z only and does not depend on the location of this bandwidth in the Fourier domain. A label-free spectral encoding of spatial frequency (SESF) approach for visualization of nanoscale structural alterations has previously been developed [21] [22] [23] [24] and applied for super-resolution imaging. 24, 25 It was demonstrated that spatial frequency components of the 3D Fourier spectrum of the object can be spectrally encoded as corresponding wavelengths and passed through the imaging system independent of the resolution. [21] [22] [23] [24] [25] [26] But only 2D implementation of this approach has been published.
The nsOCT method was invented to retain the high spatial frequency information in OCT imaging. The technique permits depth resolved visualization of the dominant size of the structure with nanoscale sensitivity. [27] [28] [29] Recently, the nsOCT has been successfully applied to detect nanometer scale structural changes in the tympanic membrane. 30 In this letter, we propose a different technique, spatial frequency domain correlation mapping OCT (sf-cmOCT) which permits depth resolved detection and visualization of the nanoscale structural changes. Feasibility and advantages of this approach are demonstrated in different realizations to detect structural changes in space and in time, by imaging various objects including human skin in vivo.
sf-cmOCT works by reconstructing and correlating the axial spatial frequency profile (ASFP) or period (ASPP) available for each pixel of the nsOCT image. The correlation can be done between ASFPs at a given point and profiles at all other points or between ASFP of one image and corresponding profiles of other images, for example, recorded at a different moment in time, and so on. The presented version of the sf-cmOCT is based on the Pearson correlation formula used in cmOCT, [16] [17] [18] 31 but with fundamental differences. Rather than calculating the contrast between intensities within intensity based images, sf-cmOCT reveals differences in the spatial frequency content, and so structural changes at a given location in time or between spatial locations are detected. Areas of similar spatial frequency content, or similar structure, will have high correlation, whereas areas with differing structures (differing spatial frequency content) will have low correlation. The result is a correlation map based on the structural information. This approach, in contrast to cmOCT, permits improvement of sensitivity up to the nanoscale and the visualization of structural changes both in space and in time.
As a proof of concept experiment, sf-cmOCT was used to image two samples from OptiGrate Corp. USA, with different axial periodic structures, where the corresponding periods are 431.6 and 441.7 nm ( Fig. 1) . To demonstrate the potential abilities of the sf-cmOCT to detect even smaller structural changes, we performed a numerical simulation of this imaging and added an additional area with a period of 428.6 nm. The OCT signal was formed as interference of the reflected light with the reference wave. The randomized noise spectra were added to mimic experimental reality, signal to noise ratio (SNR) ¼ 76 dB. The inverse Fourier transform was used to form a B-scan of these samples, presented in Fig. 1(a) .
An experimental spectral domain OCT (SDOCT) image of this sample, obtained using a TELESTO III from Thorlabs, Inc., is presented in Fig. 1(c) . The sf-cmOCT images in Figs. 1(b) and 1(d) were formed as color maps of correlation between ASFP at one point within the area with a 431.6 nm period of structure and ASFPs at all other points within the image. Hence, all areas with a similar structure are visualized with the same color according to the color bar. We also imaged an infrared card (VRC2 from Thorlabs, Inc.) for comparison. The depth of the preliminary sf-cmOCT image was reduced by thresholding, but further optimization could increase it.
In conventional OCT images in Figs. 1(a) and 1(c), it is impossible to detect areas with different structures, but in the sf-cmOCT images in Figs. 1(b) and 1(d), which are based on a different contrast mechanism, all areas with different structures can be clearly distinguished as different colors, including the antireflection coating on the top of the samples, as seen in Fig. 1(d) . In the simulated image in Fig.  1(b) , differences in the dominant size of the structure as small as 3 nm can be clearly detected as areas with red and orange colors. The infrared card has a complicated structure, which visualizes as different correlation coefficients at different locations within the card, and so different colors are present in the image at different locations. Both numerical simulations and experimental results confirmed sensitivity to structural changes of about 10 nm.
For other experiments, a custom-built SDOCT was used. A broadband superluminescent diode (DenseLight, Singapore) centered on 1310 nm provided an axial resolution of approximately 10 lm in air. The lateral resolution was approximately 14 lm in air. The recombined light from both arms was passed to a high-resolution spectrometer (BaySpec, NJ, USA) providing an imaging depth of 3.5 mm.
The next experiment demonstrates the ability of the sf-cmOCT to visualize structural changes in space. A glass tube filled with milk was embedded in BluTack (Bostik Industries) and used as the sample.
The SDOCT system used to collect the data was inherently noisy, and hence, the signal to noise ratio (SNR) between the signal area (yellow) and the noise area (red) in Fig. 2(a) in the SDOCT image was about 31 dB. The tube with milk is orientated perpendicular to the crosssectional images (B-scans) shown in Fig. 2 . Both SDOCT (intensity) and sf-cmOCT images were formed using a single frame. In the SDOCT B-scan, the structures within the tube with milk and the outside of tube appear similar. The ASPPs have been reconstructed for each location within the image. In Fig. 2(a) , the examples of two such profiles, reconstructed at single pixel within the area outside of the tube with milk (within the yellow rectangle) and at a pixel within the tube with milk, are presented. These profiles provide information about the structural sizes within the collected range of spatial frequencies. The profiles are different, implying that the corresponding structures within the tube and outside the tube are different. Based on this difference, in the sf-cmOCT image, formed as a correlation between ASFP within BluTack and ASFPs at all other points, the areas with different structures (within the tube and out of tube) are clearly visualized using just one frame.
To demonstrate the ability of the sf-cmOCT to visualize structural changes in time, we imaged Brownian motion within the tube of milk, Fig. 3 . In this case, the sf-cmOCT image, Fig. 3(b) , is generated as a correlation map where the correlation is calculated between the ASFPs within the image, recorded at one moment in time, and corresponding profiles within the image, recorded 20 ms later. The sf-cmOCT permits the static and dynamic areas within the sample to be clearly distinguished, allowing visualization of both in Fig. 3(b) .
For visualization of structural changes in time, the OCTA techniques can be used. It was known that OCTA techniques, especially phase based OCTA, do not work well at a high level of noise 14, 15 and would be interesting to see images, based on the same noisy data, formed using different OCTA techniques. The corresponding images are presented in Figs. 3(c) -3(f). The cmOCT image, shown in Fig.  3(c) , was formed using two consecutive frames. The cube cmOCT image in Fig. 3(d) was formed using 5 consecutive frames. This image has better contrast and less noise than the cmOCT image (due to the statistical effect of using more voxels) but contains similar artifacts. To form the speckle variance (SV) image in Fig. 3 (e), 7 frames were used. To form the phase variance (PV) image in Fig. 3(f) , 20 frames were used. Figures 3(c) -3(f) show that all these known techniques do not work well on such noisy data. For example, the flow area in these images can also be detected below the tube with milk, in the static BluTack region, where there is no flow. The location of the static areas is also not clear in this instance. Only the sf-cmOCT technique demonstrates clear visualization of the static (BluTack) and dynamic (milk) regions.
In the next experiments, we applied the sf-cmOCT to different objects using the same SDOCT system. Images were acquired to analyze the structure within the in vivo nail fold of the human finger, before and during a simple occlusion test. A brachial arterial occlusion was applied using a sphygmomanometer on the upper left arm of the subject. A pressure of 200 mm-Hg was applied for a duration of 30 s. It was expected that such a pressure would reduce the blood flow in the capillaries of the nail fold, and hence, the corresponding tiny structural changes within the finger could be detected using sf-cmOCT. The sf-cmOCT images before and during the occlusion are presented in Figs. 4(a) and 4(b). Each of these images was generated using two consecutive frames separated by 20 ms. The ASFPs change during the time period between the two frames in Fig. 4(a) before occlusion but remain almost the same during occlusion in Fig. 4(b) .
From comparison of Figs. 4(a) and 4(b), the correlation coefficient in Fig. 4(b) is higher in most areas than in Fig. 4(a) and is more uniform. This means that structural variations in time within the finger under occlusion are smaller and the structure is more stable Applied Physics Letters ARTICLE scitation.org/journal/apl than before the occlusion. Such tiny structural changes, calculated within an area of interest [denoted by the yellow rectangle in Fig.  4(a) ], are shown in Fig. 4(c) , where the corresponding frequency for correlation coefficient 1 is about 3 times larger than that before the occlusion and the mean correlation coefficients before and under occlusion are 0.796 and 0.885, respectively. This result suggests that small structural changes within the nail fold before and under occlusion can be clearly detected and visualized using sf-cmOCT.
In the next experiment, we demonstrate the ability of the cm-nsOCT to visualize dynamics of the structural changes and show how fast these changes occur. The sample chosen was a light-activated dental resin composite (Gradia Direct Dental Hybrid Composite, GC America, Inc., USA). Light-activated resin composites are commonly used in restorative dental procedures 32 and are composed of submicron particles. During curing, the absorption of light by photoinitiators begins a polymerization process, 33 inducing rapid structural changes. Free radicals are generated on the polymer chains and bond with one another to form a solidified 3D polymer network. 34 In this experiment, a small amount of resin (3 Â 3 Â 1 mm 3 ) was applied to the surface of a glass coverslip and placed on a fixed stage in the sample arm. A blue LED source (M470L2, Thorlabs, USA) centered at 470 nm, with a measured irradiance of 800 mW/cm 2 at the sample surface, was used to activate the curing process.
A series of 2D OCT datasets were recorded in B-M mode for a total of 2 min for 3 different samples of the resin composite. B-M mode scanning refers to the repeated recording of a B-frame at one location over time. The sf-cmOCT plots for each dataset were generated by correlating the first B-frame (at t ¼ 0 s) with each subsequent B-frame, at time intervals Dt. To distinguish how quickly the structure is changing, the frequency content of the correlation signal was analyzed, color-coded, and mapped as a 2D image. Figure 5 shows examples of images of the resin composite generated using conventional OCT as well as sf-cmOCT. As can be seen, the sf-cmOCT images acquired before and after curing [Figs. 5(d) and 5(f)] do not show a large amount of changes vs time dependences. However, in contrast to conventional OCT, during the curing process [ Fig. 5(e) ], the distinct change in the structure can be observed. Conventional OCT intensity images in Figs. 5(a)-5(c) and cmOCT 35 were unable to discern the structural changes occurring during the curing process. Our experiments show that while it is curing, the structure of the resin is undergoing dramatic structural changes, and consequently, the correlation coefficient between B-frames changes rapidly. However, before and Applied Physics Letters ARTICLE scitation.org/journal/apl after curing, the sf-cmOCT does not show any rapid structural changes since the structure of the resin does not change at either of these times. The presented label-free sf-cmOCT method is significantly different from both intensity based and phase sensitive OCT techniques for structural characterization. We have validated sf-cmOCT by showing that it can visualize areas with different structures in space from just a single frame (within the sample with a periodic structure with a sensitivity of about 10 nm and within milk) and structural changes in time (Brownian motion) within milk, detect structural changes in vivo within the nail fold of the human finger occurring under forearm occlusion, and detect how fast the structural changes occur due to polymer curing. The results of the numerical simulation suggest potential sensitivity to structural changes of down to 3 nm at an SNR ¼ 76 dB. As shown by our results, the proposed approach dramatically extends the abilities of OCT to be sensitive to nanoscale structural alterations in space and in time. In addition, the lateral spatial resolution can be improved by adapting the methodology described in Refs. 25 and 26. 
